Idiosyncratic drug-induced liver injury (IDILI) continues to be a significant human health problem. IDILI is characterized as occurring in a minority of individuals exposed to a drug, yet it accounts for as much as 17% of all cases of acute liver failure. Despite these concerns, the mechanisms underlying IDILI remain unknown. Trovafloxacin (TVX), which causes IDILI in humans, also causes hepatocellular death in vitro when combined with tumor necrosis factor-alpha (TNF) treatment. However, the molecular mechanisms involved in this toxicity are not fully characterized. The purpose of this study was to identify mechanisms by which TVX and TNF interact to cause hepatocellular death, with a focus on a human hepatocyte cell line. TVX and TNF interacted to cause cytotoxicity in HepG2 cells at drug concentrations similar to those in people undergoing TVX therapy. TVX/TNF treatment caused apoptosis and DNA damage in HepG2 cells that depended on caspase activation. Prolonged activation of JNK occurred in TVX/TNF-induced cytotoxicity, and treatment with the JNK selective inhibitor SP600125 attenuated cytotoxicity. TVX/TNF cotreatment also caused cytotoxicity in isolated primary murine hepatocytes that was dependent on caspase activation. These results increase understanding of molecular signaling pathways involved in hepatocellular death caused by a drug with idiosyncratic liability in the presence of TNF.
Drug-induced liver injury is the leading cause of acute liver failure in the United States (Ostapowicz et al., 2002) as well as a common adverse effect preventing regulatory approval for new drugs. In addition, it is the primary cause of postmarketing actions resulting in warnings or withdrawal of drugs from the marketplace (Watkins, 2005) . Idiosyncratic drug-induced liver injury (IDILI) usually occurs in a small minority of individuals exposed to a drug, yet these reactions account for 13%-17% of all acute liver failure cases (Hussaini and Farrington, 2007) . Although current preclinical and clinical safety testing prevents many hepatotoxic drug candidates from entering the market, the ability to detect drugs capable of causing IDILI is still inadequate (Watkins, 2005) .
Despite the prevalence of IDILI and the problems that it causes, mechanisms underlying the hepatotoxicity remain unknown. One hypothesis is that a modest inflammatory stress can render the liver sensitive to an otherwise nontoxic dose of a drug (Ganey et al., 2004) . It has been demonstrated that administration of lipopolysaccharide (LPS) to generate a modest inflammatory stress precipitates liver injury in animals coexposed to drugs with IDILI liability. This phenomenon has been demonstrated in animal models using chlorpromazine, diclofenac, halothane, doxorubicin, amiodarone, trovafloxacin (TVX), and sulindac (Buchweitz et al., 2002; Deng et al., 2006; Dugan et al., 2010; Hassan et al., 2008; Lu et al., 2012; Shaw et al., 2007; Zou et al., 2009) .
TVX is a fluoroquinolone antibiotic. Between February of 1998 and May of 1999, approximately 2.5 million prescriptions were written for TVX, and 140 adverse hepatic events were reported (Dembry et al., 1999) , an incidence rate of 5.6 per 100 000 prescriptions written. These included 14 cases of acute liver failure, 6 of which were fatal (Nightingale, 1999) . TVX is not hepatotoxic in mice but becomes so when combined with a modest inflammatory stress from LPS (Shaw et al., 2007) . Histological examination of TVX/LPS-induced liver injury identified both apoptotic as well as oncotic necrosis, and the pathogenesis of the TVX-LPS-induced liver injury in mice depended on the proinflammatory cytokine tumor necrosis factor-α (TNF). Interference with TNF activity by treatment with etanercept or genetic knockout of TNF receptors (TNFRs) protected mice from TVX-LPS-induced liver injury, signifying the importance of TNF signaling in the generation of hepatotoxicity (Shaw et al., 2007 (Shaw et al., , 2009c . Though TNF is able to induce apoptosis in many cell types, hepatocytes are largely resistant to its killing effects in the absence of a sensitizing event or factor (Leist et al., 1994) . Ligation of TNFR1 on hepatocytes can toxicological sciences 137(1), 91-101 2014 doi:10.1093/toxsci/kft226 Advance Access publication October 4, 2013 activate several apoptotic factors, including caspase enzymes and JNK (Ding and Yin, 2004) .
Exposure of cultured hepatocytes of human, rat, and murine lineage to cytokines in the presence of TVX and other drugs with IDILI potential caused cytotoxicity (Cosgrove et al., 2009; Shaw et al., 2009a) . However, the intracellular signaling events in these models have not been elucidated fully. Accordingly, the aim of this study was to identify key signaling events in TVX/ TNF-induced cytotoxicity. The hepatoblastoma HepG2 cell line was chosen for these studies because this cell is currently used in preclinical testing and is of human lineage. TVX also causes a number of similar changes in gene expression in both HepG2 cells and primary human hepatocytes (Liguori et al., 2008) . Identification of critical signaling events could lead to development of more effective preclinical screening protocols to identify drugs with idiosyncratic liability.
HepG2 cytotoxicity assessment. HepG2 cells were plated at 4 × 10 4 cells per well in white-walled 96-well tissue culture plates. For treatment, TVX and levofloxacin (LVX) were reconstituted to stock solutions of 200mM and 500mM, respectively, in dimethyl sulfoxide (DMSO), which resulted in a maximal final concentration of 0.01% DMSO in treated wells. Vehicle controls for TVX or LVX are represented as "Veh" throughout. LVX was used as a negative comparator drug for TVX in this model because it is in the same pharmacological class as TVX but has far less propensity to cause IDILI in humans or liver injury in mice cotreated with LPS (Shaw et al., 2007) . TNF was reconstituted to a stock solution of 100 μg/ml in PBS. Cytotoxicity was measured using the CytoTox-Glo Cytotoxicity Assay from Promega (Madison, Wisconsin). After initial concentration-response studies, a combination treatment of 20μM TVX and 4 ng/ml TNF was chosen for subsequent experiments. For the caspase inhibitor studies, the peptide-based caspase inhibitors were reconstituted in DMSO, and cells were exposed to 40μM of each inhibitor or 0.2% DMSO vehicle. For studies using the JNK inhibitor SP600125, cytotoxicity was assessed by trypan blue exclusion. This was done because SP600125 interfered with the CytoTox-Glo Cytotoxicity Assay.
Cytotoxicity time course study. LDH activity was measured as described (Vanderlinde, 1985) . Briefly, HepG2 cells were plated at 2.5 × 10 5 cells per well in 12-well tissue culture plates. Cells were treated, and 40 μl of culture medium was collected every 4 h for 24 h starting at the time of treatment and kept at 4°C until LDH activity was measured. LDH enzyme (Calbiochem) was used to create a standard curve of enzyme activity, and LDH activity was measured in the collected supernatants at each time spectrophotometrically.
Flow cytometry. Cells were plated at 5 × 10 5 cells per well in 12-well tissue culture plates. After 24 h of exposure, cells and supernatant were collected in 12 × 75 mm round bottomed tubes (BD Biosciences, San Jose, California) on ice. Cells were pelleted by centrifugation at 4°C for 5 min at 70 × g. Culture medium was aspirated before cells were washed with cold Cell Staining Buffer. After the cells were pelleted again and Cell Staining Buffer was removed, they were resuspended in 200 μl Annexin V Binding Buffer with 10 μl each of AnnV and PI. They were incubated for 15 min at room temperature before an additional 300 μl Annexin V Binding Buffer was added to each sample. Cells were then analyzed using a BD FACS Canto II flow cytometer. All data were analyzed using Kaluza software (Beckman Coulter, Brea, California). Gating parameters were determined using Veh/PBS-treated cells as a negative control. Unstained cells were run to account for auto fluorescence.
Terminal deoxynucleotidyl transferase dUTP nick end labeling assay. Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) labeling was conducted using the In Situ Cell Death Detection Kit from Roche Diagnostics Corporation (Indianapolis, Indiana). Cells were plated in 8-chamber culture slides (BD Falcon) at 9 × 10 4 cells per chamber. After 24 h of treatment, the cells were processed following the manufacturer's instructions. An antifade mounting medium containing 4′,6-diamidino-2-phenylindole was applied (Vector Laboratories, Burlingame, California). Slides were imaged using an Olympus IX71 inverted fluorescence microscope and appropriate filters. Images were taken with an Olympus F-View II digital monochrome camera and were processed using Image J software.
Caspase activity assay. Caspase activity was determined using fluorometric caspase activity assay kits (R&D Systems). Briefly, cells were plated at 1.2 × 10 6 cells per well in 6-well tissue culture plates. Cells were treated for 8, 16, or 24 h before collection. They were lysed, and lysates were centrifuged. Fifty microliters of supernatant from each sample was added to black-walled 96-well plates, along with reaction buffer and fluorogenic substrate and incubated at 37°C for 1 h. After incubation, the plate was read on a fluorescent microplate reader with filters for excitation at 400 nm and emission at 505 nm.
Protein isolation. HepG2 cells were plated at 1.2 × 10 6 cells per well in 6-well tissue culture plates. They were treated for 1 or 8 h before being washed with ice-cold PBS and treated with radioimmunoprecipitation assay (RIPA) buffer containing HALT protease and phosphatase inhibitors (ThermoScientific). Cells were scraped, collected in tubes, and kept on ice. After incubating in RIPA buffer for 10 min, each sample was sonicated with one 5-s pulse. Lysates were centrifuged at 20 000 × g for 20 min, and supernatants containing whole cell extract were collected. Protein concentration was determined using the bicinchoninic acid assay (ThermoScientific).
TVX/TNF-INduced HepaTocellular apopTosIs
Western blot analysis. For phospho-JNK (p-JNK) and Lamin B1 (Lamin) detection, 15 μg of protein were loaded and separated on NuPAGE 12% BisTris gels (Life Technologies) by electrophoresis. Proteins were transferred onto PVDF membranes (Millipore, Billerica, Massachusetts), which were then blocked for 1 h with 5% bovine serum albumin (BSA) in Tris-buffered saline containing 0.1% Tween 20 (TBST). Membranes were then probed with p-JNK or Lamin primary antibodies (Cell Signaling Technology, Beverly, Massachusetts). Antibodies were diluted in 5% BSA in TBST to 1:1000 for p-JNK and 1:10 000 for Lamin. Membranes were incubated with primary antibodies at 4°C for at least 18 h. PVDF membranes were then washed with TBST and probed with goat anti-rabbit horseradish peroxidase (HRP)-conjugated secondary antibody (Sana Cruz Biotechnology, Santa Cruz, California). Secondary antibodies were diluted in 5% BSA in TBST to 1:2500 for p-JNK and 1:10 000 for Lamin. HRP was visualized using Clarity Western ECL Substrate (Bio-Rad, Hercules, California) and developed on HyBlot CL Film (Denville Scientific, Metuchen, New Jersey). Densitometry was performed on the developed films using Image J software.
Primary murine hepatocyte studies. After isolation, hepatocytes were plated at 1.25 × 10 5 cells per well in 24-well, collagen-coated tissue culture plates. After attachment, the cells were washed twice with warm PBS and treated with serum-free Williams' Medium E containing 2mM glutamine and 1% ABAM. At 24 h, medium and cell lysates were collected and analyzed for ALT activity as described previously (Luyendyk et al., 2005) .
Statistical analysis.
Results are expressed as mean ± SEM. Percentile data were subjected to arcsine transformation. Analysis of data was performed using 1-way or 2-way ANOVA followed by pairwise multiple comparisons using the Holm Sidak or Tukey's method when appropriate. Nonparametric data were analyzed using Kruskal-Wallis test followed by pairwise multiple comparisons using Tukey's or Dunn's method when appropriate. The criterion for statistical significance was p < .05.
reSuLTS

Concentration Response and Time Course of TVX/TNF-Induced Cytotoxicity
HepG2 cells were treated with TVX (1.25-20μM), TNF (0.015-16 ng/ml), or their vehicles simultaneously for 24 h before cytotoxicity was measured. TVX alone (0 ng/ml TNF) did not cause significant cytotoxicity at any concentration. Similarly, TNF alone (0μM TVX) was not cytotoxic. In TVX/ TNF-treated cells, synergistic cytotoxicity was observed (Fig. 1A) . Cytotoxic interactions occurred with concentrations as small as 5μM TVX and 62.5 pg/ml TNF. LVX, another fluoroquinolone antibiotic with a much lower propensity for causing IDILI in humans, was used as a negative comparator drug for TVX in this model. Clinically, LVX is prescribed at a dose that is 2.5-fold greater than the dose of TVX to achieve a similar therapeutic effect (Lubasch et al., 2000) . Accordingly, HepG2 cells were treated with a larger concentration of LVX (50μM). LVX treatment alone or in combination with TNF did not cause cytotoxicity in HepG2 cells (Fig. 1B) .
The activity of LDH released into medium was not increased in HepG2 cells treated with Veh/PBS, TVX/PBS, or Veh/TNF at any time up to 24 h (Fig. 2) . TVX/TNF cytotoxicity appeared to begin at 8 h and became statistically significant by 20 h.
Flow Cytometric Analysis of Cell Viability
To determine if the cytotoxicity induced by TVX/TNF cotreatment was oncotic or apoptotic, cells were stained with cell-impermeable PI to identify compromised plasma membranes characterized by oncosis and with Annexin V that binds to exposed phosphatidylserine residues on the outer leaflet of the plasma membrane during apoptosis (Vermes et al., 1995) . Cells were analyzed using flow cytometry after 24 h of exposure (Fig. 3) . TVX/PBS and Veh/TNF treatments each caused a small increase in the percentage of early apoptotic (AnnV+/ PI−) cells compared with Veh/PBS-treated group (Fig. 3B) . TVX/TNF treatment caused a much greater increase in the percentage of early apoptotic cells. Cotreatment with ZVAD resulted in a decrease in the percentage of early apoptotic cells (Fig. 3C) , and TVX/TNF treatment caused a more pronounced increase. Treatment with ZVAD decreased the percentage of late apoptotic cells in the TVX/TNF-treated group. Cytotoxicity, measured by enzyme release, was also increased in cells treated with TVX/TNF, an effect that was prevented in the presence of ZVAD (Fig. 3D) . A small percentage (less than 2%) of cells appeared to have undergone oncotic necrosis (AnnV−/PI+) and this percentage was similar in all treatment groups (data not shown).
TUNEL Staining
DNA strand breakage was examined using the TUNEL assay. Compared with Veh/PBS-treated cells, treatment with TVX/PBS or Veh/TNF did not increase TUNEL staining (Figs. 4A and 4B) . TVX/TNF treatment increased TUNEL staining compared with all other treatment groups.
Caspase Activity Time Course and Inhibition
The activities of caspases 8, 9, and 3 were measured 8, 16, and 24 h after treatment. Treatment with TVX/PBS or Veh/TNF did not cause significant changes in the activities of any of the caspases at any time examined (Fig. 5) . In cells treated with TVX/TNF, the activity of caspase 9 was increased 2-fold 8 h after treatment (Fig. 5A ) and 3-fold by 16 h after treatment. Caspase 9 activity remained increased 24 h after TVX/TNF treatment. Caspase 3 activity was increased 4-fold compared with Veh/PBS-treated cells 8 h after treatment with TVX/TNF and increased with time, reaching 25-fold after 24 h (Fig. 5B) . TVX/TNF treatment caused a significant increase (1.8-fold) in activity of caspase 8 at 24 h (Fig. 5C ). At no time did LVX/PBS or LVX/TNF increase activity of any of the caspases.
The effects of selective caspase inhibitors on TVX/TNFinduced cytotoxicity were evaluated (Fig. 6) . In all studies, TVX/TNF treatment significantly increased cytotoxicity. Treatment with the caspase inhibitors themselves did not cause any cytotoxicity. Treatment with either LEHD (caspase 9 inhibitor) or IETD (caspase 8 inhibitor) abolished TVX/TNFinduced cytotoxicity (Figs. 6A and 6C ), whereas DEVD (caspase 3/7 inhibitor) attenuated TVX/TNF-induced cytotoxicity (Fig. 6B) .
JNK Activation and SP600125 Treatment
TVX/PBS treatment did not affect JNK phosphorylation after 1 h (Fig. 7A) . Treatment with Veh/TNF led to JNK activation after 1 h. A greater increase in this early JNK activation was observed in TVX/TNF-treated cells. After 8 h of treatment, Veh/PBS and Veh/TNF had similar levels of phosphorylated JNK (Fig. 7B ). Both TVX/PBS and TVX/TNF treatments were associated with increased JNK phosphorylation at this time. Total JNK expression was not affected by any treatment (data not shown).
HepG2 cells were treated with SP600125, a selective inhibitor of JNK (Bennett et al., 2001) , and cytotoxicity was assessed. Treatment with TVX, TNF, or SP600125 alone did not increase cytotoxicity (Fig. 7C) . Cytotoxicity was increased by treatment with TVX/TNF, and addition of SP600125 significantly reduced this effect.
Studies Using Isolated Primary Murine Hepatocytes
Primary murine hepatocytes were treated simultaneously with TVX (0-20μM) and/or TNF (10 ng/ml). ALT activity released into the medium was measured 24 h after treatment. Neither TNF nor TVX alone at any concentration tested caused an increase in ALT release (Fig. 8A ). Treatment with 10 or 20μM TVX in combination with TNF caused a significant increase in release of ALT compared with all other treatment groups. Treatment of cells with ZVAD decreased the TVX/ TNF-induced ALT release. Treatment of primary murine hepatocytes with concentrations of LVX up to 50μM caused no significant increase in release of ALT, regardless of the inclusion of TNF (Fig. 8B) .
DIScuSSIoN
For the initial experiments, the range of TVX concentrations was based on the plasma concentrations of TVX observed in patients treated with the drug, which ranged from 2 to 10μM (Melnik et al., 1998; Teng et al., 1996; Vincent et al., 1997) . These concentrations should reflect those to which the human liver might be exposed during TVX therapy. Similarly, the concentrations of TNF (0-16 ng/ml) were chosen to mimic what is experienced physiologically in humans during inflammatory stress (Copeland et al., 2005; Taudorf et al., 2007) , as well as what was observed in the mouse model of TVX/LPS-induced liver injury (Shaw et al., 2007) . Treatment with either TVX or TNF alone at any of the concentrations tested did not cause cytotoxicity in HepG2 cells. Also, treatment with TVX at concentrations smaller than 5μM in combination with TNF at any concentration did not cause statistically significant cytotoxicity (Fig. 1A) . However, a combination of TVX at 5 or 10μM interacted with TNF at concentrations as small as 62.5 pg/ml to cause cytotoxicity. Previous studies have demonstrated a cytotoxic interaction between TVX and TNF on HepG2 cells, but those studies used a combined treatment of 450μM TVX and 100 ng/ml TNF (Cosgrove et al., 2009) . A treatment combination of 20μM TVX and 4 ng/ml TNF was chosen for additional study because it (1) caused a robust and reproducible increase in cytotoxicity and (2) represents concentrations of TVX and TNF that are similar to those occurring in vivo. The cytotoxic interaction of TVX and TNF was not limited to the HepG2 transformed human cell line; TVX also interacted with TNF to kill primary murine hepatocytes in a concentration-dependent manner. Unlike TVX, LVX did not interact with TNF to cause cytotoxicity in either cell type; thus, the cytotoxic interaction   FIG. 4 . TVX/TNF-induced DNA damage. HepG2 cells were treated with 20μM TVX or Veh and with 4 ng/ml TNF or PBS. Twenty-four hours after treatment cells were subjected to TUNEL labeling as described in Materials and Methods section and imaged using fluorescence microscopy. A, Representative images from each treatment. Gray areas represent DAPI signal. Black areas represent colocalized FITC and DAPI signal indicating TUNEL-positive signal located in nuclei. B, Quantification of the area of TUNEL signal colocalizing with DAPI in response to treatment. a, Significantly different from all other treatment groups. Data represent the mean ± SEM of 3 separate experiments and 3-4 images from each treatment group. Abbreviations: DAPI, 4′,6-diamidino-2-phenylindole; FITC, fluorescein isothiocyanate; TNF, tumor necrosis factor-alpha; TUNEL, terminal deoxynucleotidyl transferase dUTP nick end labeling; TVX, trovafloxacin.
FIG. 5.
Time course of caspase activation. HepG2 cells were treated with 20μM TVX, 50μM LVX, or their vehicle control in the presence of 4 ng/ml TNF or PBS. Activities of caspase 9 (A), caspase 3 (B), and caspase 8 (C) are represented relative to activities measured in Veh/PBS-treated groups. Caspase activities were measured 8, 16, and 24 h after treatment as described in Materials and Methods section. a, Significantly different from all other treatment groups within the same time. Data represent the mean ± SEM of 3 separate experiments run in triplicate. Abbreviations: LVX, levofloxacin; TNF, tumor necrosis factor-alpha; TVX, trovafloxacin.
FIG. 6.
Caspase inhibition protects against TVX/TNF-induced cytotoxicity. HepG2 cells were treated simultaneously with 20μM TVX or vehicle and with 4 ng/ml TNF or PBS. At the same time some cells also received 40μM of z-LEHDfmk to inhibit caspase 9 (A), z-DEVD-fmk to inhibit caspase 3 (B), or z-IETDfmk to inhibit caspase 8 (C). Cytotoxicity was measured 24 h after treatment. a, Significantly different from all other treatment groups. In panel (B), bars labeled (a) are also different from one another. Data represent the mean ± SEM of 4-5 separate experiments. Abbreviations: TNF, tumor necrosis factor-alpha; TVX, trovafloxacin. of these 2 drugs with TNF matched their propensity to cause IDILI in humans. The cell death that occurred from TVX/TNF in HepG2 cells appeared to start about 8-12 h after treatment and became significant at 20 h.
The livers of mice treated with TVX/LPS displayed histological signs of both apoptotic and oncotic necrosis, and this injury depended on TNF (Shaw et al., 2009b) . In a previous study, effector caspase activation occurred in liver after treatment of mice with TVX/TNF and in hepatocytes treated with TVX/TNF in vitro, suggesting that cells died at least partially by apoptosis (Shaw et al., 2009a) . Flow cytometric analysis corroborated that observation (Fig. 3) . TVX/TNF-treated cells with compromised plasma membranes registered as positive for PI uptake largely costained with Annexin V, suggesting an apoptotic cell death. TVX/TNF treatment also caused an increase in the fraction of cells in the early apoptotic (AnnV+/PI−) population. Interestingly, TVX treatment alone caused a small but significant increase in both the early and late apoptotic population. These findings suggest that TVX stressed cells in a way that did not result in overt cell death after 24 h of treatment.
Apoptosis is associated with DNA damage, which can be detected using the TUNEL method (Heatwole, 1999) . In this study, significant DNA damage was observed only in cells treated with TVX/TNF. Though not statistically significant, there was a trend toward an increase in DNA damage caused by TVX treatment alone. This suggests that TVX might have caused some modest genomic stress by itself. Taken together, these results demonstrate that TVX/TNF treatment causes HepG2 cell apoptosis.
Hepatocellular apoptosis is largely regulated by activation of caspase enzymes and can be either extrinsic or intrinsic (Malhi and Gores, 2008) . Treatment with the pancaspase inhibitor ZVAD resulted in fewer early apoptotic cells after both TVX and TVX/TNF treatment, and it also decreased late apoptotic cells as well as cytotoxicity after TVX/TNF treatment. Similarly, the cytotoxic interaction of TVX and TNF to kill primary murine hepatocytes was completely abrogated when caspases were inhibited with ZVAD. These results suggest that caspase activation was critically involved in the TVX/ TNF-induced apoptosis. Further investigation revealed that caspases 9 and 3 were significantly activated starting 8 h after TVX/TNF treatment, a time corresponding to the onset of cell death. Caspase 8 was also significantly activated, but not until 24 h after treatment and to a lesser extent than caspases 9 and 3. The latency in caspase 8 activation suggests that it might not play a role in the initiation of TVX/TNF-induced cell death. Taken together, these results suggest that TVX/TNF treatment initiated an intrinsic pathway to apoptosis.
To demonstrate the role that these activated caspases play in TVX/TNF-induced apoptosis, selective inhibitors of individual capases were used. Treatment with IETD or LEHD, inhibitors of caspases 8 and 9, respectively, resulted in complete protection. The effectiveness of IETD was surprising, given that caspase 8 activation was detected only after the onset of cell death (Fig. 5C ). However, recent findings indicate that caspase inhibitors are less selective for individual caspases than previously reported (Pereira and Song, 2008) . Treatment with DEVD to inhibit caspases 3 and 7 attenuated the cytotoxicity caused by TVX/TNF, but did not fully prevent it. Attempts to inhibit cytotoxicity further by increasing the concentration of DEVD resulted in DEVD-induced cytotoxicity. It is possible that the degree of caspase 3 activation, which was much greater than the activation of initiator caspases 8 or 9, was too extensive to be fully inhibited by DEVD. Nevertheless, these findings identify caspase activation as being critical to TVX/TNF-induced apoptosis, and the latency in caspase 8 activation suggests that apoptosis was intrinsically mediated.
Another signaling pathway involved in hepatocellular apoptosis involves JNK (Ding and Yin, 2004) . JNK can be activated in the liver by many cellular stresses, including cytokines such as TNF (Seki et al., 2012) . If cellular stress is short lived, JNK activation is typically transient and does not result in cell death. Prolonged activation of JNK is associated with cell death signaling in hepatocytes and can occur during oxidative or genotoxic stress (Kobayashi and Tsukamoto, 2001; Seok et al., 2008; Win et al., 2011; Wullaert et al., 2006) . TVX by itself did not cause early (1 h) JNK activation, but the early activation of JNK by TNF was enhanced by TVX coexposure. At a later time when the degree of activated JNK was similar in TNF-treated cells and vehicle controls (8 h), TVX caused more JNK activation by itself, independent of TNF. Thus, because of the early enhancement of JNK activation by TVX, cells exposed to both TVX and TNF experienced JNK activation that was prolonged. Treatment of cells with SP600125 to inhibit JNK attenuated TVX/TNF-induced cytotoxicity. These results indicate that prolonged JNK activation is important in promoting cytotoxicity from TVX/TNF coexposure.
FIG. 8.
TVX/TNF-induced cytotoxicity of murine hepatocytes is caspase-dependent. A, Primary murine hepatocytes were treated with vehicle or TVX (5-20μM) and with 10 ng/ml TNF or PBS, as well as 10μM ZVAD or its vehicle. ALT release was measured 24 h after treatment. B, Cells were treated with LVX or Veh at various concentrations and with 10 ng/ml TNF or PBS. a, Significantly different from all other treatment groups at same TVX concentration. Data represent the mean ± SEM of hepatocytes isolated from 4 mice run in duplicate. Abbreviations: LVX, levofloxacin; TNF, tumor necrosis factor-alpha; TVX, trovafloxacin.
In summary, TVX and TNF interact to cause hepatocellular toxicity in a concentration-dependent manner in both HepG2 human hepatoblastoma cells and cultured primary murine hepatocytes at drug concentrations that are near what is measured in humans undergoing TVX therapy. Cotreated hepatocytes undergo an apoptotic mode of cell death that requires active caspases. LVX is not associated with causing IDILI in humans, and treatment of hepatocytes with LVX, in the presence or absence of TNF, does not cause hepatocellular toxicity. TVX alone significantly increases the percentage of early apoptotic cells, and in the presence of TNF, it prolongs JNK activation that is required for cytotoxicity. Apoptotic cells were identified in vivo in the mouse model of TVX/LPS-or TVX/ TNF-induced liver injury. However, oncotic necrosis was also observed (Shaw et al., 2007 (Shaw et al., , 2009a . Identifying the signaling mechanisms involved in hepatocellular toxicity due to TVX/ TNF could help the understanding of IDILI pathogenesis and the development of more effective preclinical screening tools to prevent drugs with idiosyncratic liability from reaching the market.
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